Renal adaptation to anemia was studied in dogs that had been bled repeatedly during a week to produce hematocrit values of between 12 and 21$. Total renal blood flow was unaltered despite a significant increase in cardiac output. Total renal oxygen consumption was within normal limits, but the Po 2 of cortical tissue was significantly reduced. Glomerular filtration rate and therefore fil-489 490 APERIA, LIEBOW, ROBERTS
tered sodium load were reduced. These alterations were interpreted as resulting from preglomerular vasoconstriction together with a decrease in postglomerular vascular resistance, the latter perhaps a consequence chiefly of the diminished blood viscosity. Sodium reabsorption in relation to filtered sodium load was unimpaired in anemic animals; actually the sodium excretion factor was lower than in normal animals. It is concluded that the maintenance of normal renal function in the anemic animal is obtained by a decrease in work load (i.e. reduced glomerular nitration rate) and more efficient oxygen extraction related to increased blood tissue Po 2 gradient. Increased titers of erythropoiesis-stimulating substance could be demonstrated in these anemic animals. It is suggested that the low cortical tissue Po 2 is responsible for the release of this factor. • Previous studies have demonstrated certain paradoxical responses of renal hemodynamics (1) (2) (3) and other aspects of function (4, 5) to hypoxia. In contrast with most other organs, the kidney during hypoxia does not increase its blood flow, and a marked reduction of available oxygen appears not to affect many aspects of renal function. Even in hemorrhagic shock, renal oxygenation as measured by the oxygen saturation of renal capillary blood is said to be essentially unaltered (6) . Yet as an endocrine organ the kidney is extremely sensitive to systemic hypoxia and responds with the release of erythropoietin within three hours after the production of anemia (7) .
In the present work some aspects of renal adaptation have been investigated in dogs during prolonged anemic hypoxia of a degree sufficient to stimulate the production of erythropoietin. These include (1) hemodynamic response as determined by a method that can provide data on total renal blood flow witnout laparotomy, (2) oxygen availability and oxygen utilization measured by blood gas analysis and determination of tissue P02, and (3) sodium excretion. It has been claimed that tubular reabsorption of sodium is the major determinant of renal oxygen consumption (8, 9) and is involved in the regulation of renal blood supply (10, 11) .
Materials and Methods
Twenty-one mongrel dogs of either sex weighing 12 to 22 kg were bled 2% of body weight every other day. The experiments were performed on the day following the third bleeding. Three study groups were established with six to eight dogs serving as controls in each group. In group 1 (7 dogs) only total renal blood flow and oxygen consumption were measured. These animals received a 5% mannitol infusion (0.35 ml/ kg per min) to stabilize sodium reabsorption.
In group 2 (7 dogs) glomerular filtration rate and sodium excretion were determined in addition to total renal blood flow and oxygen consumption. These animals were hydrated with an intravenous infusion of 0.956 NaCl (0.20 ml/kg per min) without mannitol. In group 3 (7 dogs), the tissue Po o in various parts of the kidney was measured, but renal blood flow determinations were not attempted. These animals received mannitol infusion as in group 1. All experiments were carried out with intravenous pentobarbital anesthesia at an initial dose of 30 mg/kg plus small supplements as required. The animals in groups 1 and 2 received 7,000 USP units of heparin per kilogram at the beginning of the experiment.
GENERAL PROCEDURE FOR GROUPS 1 AND 2
Catheters were placed in a manner to be described. The infusion of mannitol or NaCl solution was started, and after a period of at least 45 minutes the following measurements were made. 0-3 min: 3 determinations of cardiac output 3-4 min: 2 determinations of renal blood flow 5-6 min: blood samples withdrawn simultaneously from aorta and renal vein for oxygen analysis 7-8 min: 2 determinations of renal blood flow Blood pressure recordings were obtained simultaneously with the flow determinations for calculation of renal vascular resistance. This procedure was repeated at least once. Reported values for each animal represent the average of all determinations. Animals in group 1 were investigated both while breathing air and while breathing 100% oxygen, but those in group 2 only while breathing air. Air and 100% oxygen were supplied from pressure tanks via a Burns demand respirator.
Renal blood flow was determined by the dye dilution method. For this purpose the renal artery was catheterized from within the aorta with a large but thin-walled stainless steel catheter inserted via the femoral artery. The cannula has an external diameter of .148 inches and a wall thickness of .012 inches, and is similar to the instrument used by Gilmore (12) but does not require extensive dissection as used by him for insertion. Blood flow to the kidney was at no time interrupted, since the catheter was continuously perfused with blood from the carotid artery. The method will be described in detail elsewhere. The renal vein was catheterized under fluoroscopic guidance using a radiopaque polyethylene catheter (Odman-Ledin, Kifa no. 1 or no. 3) with a curved tip inserted by way of the femoral or jugular vein. The dye, indocyanine green (0.125 mg in 0.2 ml of distilled water), was injected into a short no. 23 needle fitted as a sidearm of the renal artery catheter. Renal vein blood was simultaneously withdrawn at a constant rate with a Harvard infusion-withdrawal pump, and the dye concentration of the blood was determined with a Gilford densitometer. Blood flow was calculated from the dye dilution curve thus obtained.
The pressure drop across the cannula was measured in living animals prepared precisely as for the renal blood flow determination, except that the distal end of the cannula was connected to the femoral vein by polyethylene tubing. The pressure drop, as expected, was higher at the greater flow rates. In one typical dog with an aortic mean pressure between 135 and 145 mm Hg, at a flow rate through the cannula of 75 ml/ min, the pressure drop was 5 mm Hg, and at a flow rate of 210 ml/min the pressure drop was 20 mm Hg. If the kidney weight is assumed to be between 40 and 50 g, the higher value would correspond to a renal blood flow in the range of 420 to 473 ml/100 g kidney per min. Under normal conditions, even if the pressure drop were as great as 30 mm Hg, there would be little effect on the renal blood flow, as a consequence of renal autoregulation.
The dye method for renal blood flow was validated by comparison with flow measurements made simultaneously by an electromagnetic flowmeter in the circuit connecting the cannula with the carotid artery. The values for renal blood flow obtained in animals in which the cannula fit tightly in the renal artery were only slightly lower with the dye method than with the electromagnetic flowmeter. There was a negligible difference in indocyanine green dye concentrations on the arterial and venous sides of the kidney when the dye was infused at a constant rate. The values obtained are well within the range of those reported by other methods.
Cardiac output was also determined by the dye dilution method. Indocyanine green (2.5 mg in 1 ml distilled water) was injected through a catheter into the superior vena cava, and the dye concentration was determined in brachial or femoral artery blood. Blood pressure recordings from the brachial or femoral artery, renal artery, and renal vein were made with Sanborn pressure transducers. For determination of renal oxygen consumption and oxygen supply, blood samples were slowly and simultaneously withdrawn with anaerobic precautions from the renal vein and femoral artery. Oxygen content of the blood was determined by the Van Slyke method. Oxygen consumption was obtained by multiplying the renal arteriovenous oxygen difference by the flow, and the "oxygen supply" by multiplying the arterial oxygen content by the flow. The Po 2 of
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Erythropoietin Titers *Mean ± SD. fPlasma from control dog (in dogs 1-5 control plasma was taken before the bleedings were started).
P is based on Student's t-factor. arterial and renal venous blood was determined with a Beckman microelectrode inserted into capped 2-ml syringes immersed in a water bath at 37°C. For determination of glomerular filtration rate and sodium reabsorption (group 2), the ureter was catheterized after exposing it retroperitoneally by a flank incision. The proximal end of the catheter was placed close to the renal hilum. The capacity of the catheter was approximately 0.2 ml. Glomerular filtration rate was determined by adding 0.46 mg of tritiated inulin (Baird Atomic Corporation, specific activity 0.43 mc/mg) to 50 ml of 10% inulin (Warner Chilcort). Each animal received a priming dose of this solution (0.5 ml/ kg) followed by a continuous infusion of 0.1 ml/ min started at least 50 minutes before the first urine collection period. The duration of the urine sampling determined by observing the rate of urine flow varied between 30 and 45 minutes. Two or three blood samples were withdrawn during this time for determination of inulin and sodium concentrations. For determination of tritiated inulin in urine, 0.25-ml aliquots were added directly to 10 ml of scintillation fluid. Before the concentration of tritiated inulin in the plasma was determined, proteins were precipitated with an equal volume of 1058 trichloroacetic acid. Following centrifugation, 0.2 ml of the supernatant was added to 10 ml of scintillation fluid. Radioactivity was determined in a liquid scintillation counter (Packard Instrument Company). The radioactivity of the urine samples ranged between 30,000 and 100,000 counts/min per ml, and the radioactivity of the plasma samples between 3,500 and 5,000 counts/min per ml. The counting efficiency (9%) in the two types of samples was the same within the probable counting error, which was less than 2%, The concentrations of sodium in the urine and blood samples were determined with a flame photometer (Process n Rtittrcb, Vol. XXII, April J96& and Instruments Corporation) using an internal lithium standard. The sodium excretion factorclearance of sodium/clearance of inulin-was calculated as (U Na • V)/ (B Na -GFR), where B Na = Na in blood (mEq/liter); U Na = Na in urine (mEq/liter); V = urine flow (ml/min); and GFR = glomerular filtration rate (ml/min).
PROCEDURE FOR GROUP 3
The left kidney was exposed by a retroperitoneal flank incision. To minimize bleeding, the animals received a maximum dose of 1,000 USP units of heparin. To avoid clotting, renal vein cadieterization was not attempted. Renal tissue P0 2 was measured with a Beckman microelectrode inserted at various depths into the renal parenchyma. The electrodes were calibrated at 37°C in distilled water maintained at known oxygen tensions by constant bubbling of appropriate gases which had been analyzed in the Van Slyke manometric instrument. These electrodes are insensitive to pressure within physiological limits. Electrodes were always tested before and after use in the tissue. They proved to be stable within 2% of the initial standardization over a range of at least three known gas tensions, spanning those expected in the experiment, at 37° C. The gas breathed by the animals was alternated between room air and 100$ oxygen. Continuous recordings of renal tissue Po 2 at the same site in the kidney were made during one or more periods on each gas.
Blood was withdrawn from six of the anemic animals for assay of erythropoietin at the beginning of each study before the animal had been anesthetized. Blood for control determinations was taken from the same animals before the bleeding period was started or from a normal control animal. The plasma was separated immediately after the blood was withdrawn and frozen until used. Erythropoietic activity was estimated by the "Fe incorporation method of Fried et al. (13) . Results are expressed as the percentage of injected C9 Fe found in the red blood cells at the end of 16 hours. Four rats were used for each assay, and 1.5 ml of plasma was injected for each of three doses.
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Group 1-Hemodynamic Data
Results
The anemia resulting from the repeated bleedings was sufficient to produce a significant rise of erytiiropoiesis-srirnulating substance ( Table 1 ). The mean B9 Fe uptake of the rats receiving anemic plasma was 10.2$ as compared with 5.1$ for the rats receiving preanemic or normal dog plasma. These data are in accord with those reported by Naets (14) , who used a similar preparation.
Experimental values from groups 1 and 2 are recorded in Tables 2 through 6. In group 1, breathing 100$ oxygen, which increased arterial Po 2 but had little effect on total renal oxygen supply, did not influence any of the factors determined. The only difference between groups 1 and 2 was a significantly higher cardiac output in group 1 ( Tables 2  and 3 ). Since this was true of both control and anemic animals, the increase can probably be attributed to expansion of plasma volume caused by intravenous administration of mannitol. Evidence for this expansion was the lower hematocrit among the control dogs in group 1. It is of interest to note that mannitol in this concentration (5$) and fairly low dosage (0.35 ml/kg per min) does not cause the increase of renal blood flow that has been found with higher infusion rates (15) . Since groups 1 and 2 showed essentially the same changes in response to anemia, they will be considered together.
HEMODYNAMICS
Cardiac output was significantly higher among anemic animals (Tables 2 and 3) . This increase has previously been described after acute hemorrhage, with or without plasma substitutes, and is associated with an increased heart rate but relatively little change in stroke volume (16, 17) . Since the arterial blood pressure was unchanged or slightly lower in the anemic animals, the total systemic vascular resistance was decreased. Total renal blood flow and renal vascular resistance, however, remained nearly constant with lowered hematocrit, although the range among anemic animals was somewhat greater than among control animals. The discrepancy between the response to anemia of the general and renal blood flow was clearly demonstrated by the significantly lower renal fraction of the cardiac output in the anemic group (Tables 2 and 3 ).
GL0MERULAR FILTRATION RATE
Glomerular filtration rate was significantly lower in the anemic group (Table 3) . This is in accord with the findings of Stokes and Korner (1) in severely anemic unanesthetized rabbits. Since the glomerular capillaries function as ultrafilters, the filtration rate is determined by the hydrostatic pressure within the glomerular capillaries (18) . Although the anemic animals generally showed a somewhat lower blood pressure, no direct correlation between glomerular filtration rate and renal artery pressure was found ( Fig. 1 ). Therefore the pressure drop from the renal artery to the glomerular capillaries must be more pronounced in the anemic than in the control animals. This suggests a preglomerular vasoconstriction. Since total renal blood flow remained essentially unaltered, it is proposed that there may be alterations in intrarenal vascular tonus that result in both increased preglomerular vascular resistance and decreased postglomerular vascular resistance, as will be discussed.
SODIUM AND WATER REABSORPTION (TABLE 4)
The serum sodium values remained in the normal range in the anemic group. The sodium excretion factor (C Ns /Ci n ) was lower in the anemic group. The decrease in this factor might be a result of the concomitant fall in glomerular filtration rate and sodium load that would allow for a more efficient sodium reabsorption. Increased aldosterone secretion, however, could produce the same result (19) . Although the difference was not statistically significant (0.10>P>0.05) the water reabsorption was considerably lower in most of the anemic animals (Table 4 ). It is unlikely that this discrepancy in water reabsorption could be caused by a lower level of antidiuretic hormone in the anemic animals, since their blood volume was probably subnormal. Hypoxic damage to the collecting duct epithelium, however, which would render it relatively impermeable to water or Relation between renal arterial blood presure and glomerular filtration rate. GFR shows no consistent relation to blood pressure in the main renal artery within the limits of the observations. increased. A more likely explanation is an increased medullary blood flow, with consequent washout of the medullary osmotic gradient.
Group 2-Electrolytes
Group 2-Oxygen Supply and Consumption
Oi "SUPPLY" AND UTILIZATION (TABLES 5 AND 6)
Since renal blood flow was in the normal range in most of the anemic animals, renal oxygen supply was reduced as a function of hematocrit. The average oxygen supply per OrcmiiHO* Rtsttnb, Vol. XXII, April 1968 gram of tissue in the anemic group was 40ô f the control value. Despite the large reduction in oxygen supply, all but two dogs were able to maintain renal oxygen consumption at normal levels. These two dogs (1 and 2, group 1) had the lowest oxygen supply. Since it has been shown in these experiments that the filtered load of sodium was greatly reduced in the anemic animals, it is evident that the ratio of oxygen consumed to sodium reabsorbed was greater than in controls.
TISSUE P02
The individual results of the tissue and arterial P02 determinations in the anemic animals (group 3) are recorded in Table 7 , together with the mean values for normal dogs, which were investigated in the same fashion and will be reported in detail elsewhere. As expected, arterial P02 was maintained at normal levels in the anemic animals. On the other hand, there was a most significant fall in cortical tissue P02 in comparison with normal values, which in most of the animals was recorded while the animals were breathing room air. Cortical Po 2 in anemic dogs was only slightly higher during respiration of 100$ oxygen, again in contrast with the normals. The normally low tissue Po 2 of the renal medulla was but little affected by the reduction in arterial oxygen supply; in fact it appeared to be somewhat higher in the anemic group. The renal vein was not catheterized in this part of the study. The mean renal venous P02 in normal animals breathing air was 56 mm Hg (Table 6) ; it correlated closely with the mean cortical tissue Poj, and in the anemic animals it was remarkably high, at a mean of 42.5 mm Hg. In view of the very low renal cortical Po 2 in the anemic animals, this finding is of particular interest. It can be interpreted to be the result of an unequal, but focally increased, metabolic rate in the kidney, and this may be the basis for one important mechanism of renal adaptation to anemia as will be discussed.
Discussion
Of the oxygen-consuming processes in the kidney, sodium reabsorption is by far the greatest (10, 11) , and in the present studv this was unimpaired in relation to filtered load in the anemic animals. Previous investigations have shown that other tubular functions are essentially intact even in severe hypoxia (4, 5) . Normal function requires a normal metabolic rate, and adaptive changes CncuUaion Rutorcb, Vol. XXII, April 1968 are necessary to compensate for the reduction of blood oxygen content in anemia.
It is generally agreed that the most important factor in the systemic adaptation to anemic hypoxia is an increase in the cardiac output and peripheral vasodilation with a resulting increase in blood supply and rate of oxygen delivery to the tissues (20) (21) (22) . In contrast with other organs, general vasodilation in the hypoxic kidney would have disastrous consequences. As has been stated, sodium reabsorption is the major determinant of renal oxygen consumption, and sodium reabsorption in turn is determined by the filtered load. If the kidney shared in the general circulatory response to hypoxia a vicious cycle would be created. An increase in blood flow and filtration rate would result in an increased sodium load on the tubules and an increased oxygen consumption, and therefore a still greater need for oxygen and blood flow. In this study it was found that despite a marked rise in cardiac output, renal blood flow remained essentially unchanged in the anemic animals. The kidney therefore would require other means to compensate for the reduced oxygen delivery rate in anemia.
It may be asked whether resistance offered by the cannula is so great that there is maximal dilation in the renal vascular bed that would account for a renal blood flow measurement unchanged in comparison with the normal, despite the anemia. We have, however, found in animals prepared in an identical manner that slow intrarenal infusion of hydralazine brings about a decrease in renal vascular resistance that averages 243! of the control values and takes place within 20 minutes (unpublished experiments of A. S. Sous in this laboratory). On the contrary, there is a marked fall in renal blood flow without change in renal arterial pressure in response to chlorothiazide (experiments of A. C. Aperia, to be published).
One of the adaptive mechanisms is a reduction of work load, i.e. glomerular filtration rate. Since the glomerular filtration rate is diminished while total renal blood flow remains unchanged, it is postulated that there is a preglomerular vasoconstriction and a diminished filtration pressure. The latter could be an effect of postglomerular vasodilation or the result of the decreased blood viscosity in the presence of relatively unaltered postglomerular vascular tonus. Although the glomeruli in this case would receive the same amount of blood as normally, the fall in filtration pressure would reduce the glomerular filtration rate. The data from this study do not allow exact localization of the preglomerular vasoconstriction. However, it is reasonable to propose the smooth muscle cells associated with the juxtaglomerular apparatus as a likely site.
It has recently been suggested (10, 11) that the kidney normally regulates its blood supply by means of the macula densa-juxtaglomerular cell complex, in that an increased sodium concentration in the tubular fluid at the site of the macula densa triggers the release of renin from the juxtaglomerular cells with consequent renal vasoconstriction. This is apparently not the cause of preglomerular vasoconstriction in anemia, since sodium excretion is then actually decreased. Furthermore, vasoconstriction associated with increased tubular sodium concentration appears to involve the entire renal vascular bed. It may be that the preglomerular vasoconstriction postulated in anemia is accompanied by medullary vasodilation. This hypothesis is supported by the observed decrease in water reabsorption and by the slight increase in the Po 2 of deep medullary tissues (Table  7) . Further work is necessary to clarify this point. Ljungqvist (23) has recently provided an anatomical basis for glomerular bypass in the juxtamedullary and peripelvic glomeruli in man. The existence of such structures in dogs has not been established, however.
Data from the present experiments based in part on the Po 2 measurements suggest that a second mechanism in renal adaptation to anemia is a more efficient oxygen extraction from the blood. This is important since glomerular filtration rate can be reduced only to a limited extent without the development of uremia. Factors which tend to lower tissue P0 2 and to increase the capillary-tissue Po2 gradient require detailed consideration. The observation that venous Po« greatly exceeds tissue Po2 in the anemic animals cannot easily be explained on the basis of arteriovenous shunts for several reasons. Firstly, there is little evidence that these are of significant size-if they exist at all in the dog-particularly since it has been shown in acute hemorrhagic shock that renal venous oxygen saturation closely follows that of the cortical capillaries (6) . Secondly, in anemic animals total renal blood flow is not increased and oxygen consumption of the tissue is not reduced. Either of these could increase renal venous blood Po 2 , but actually both remain unchanged. This suggests that there is in fact a high capillary-tissue Po2 gradient in anemic animals and that the electrodes used in the present experiments are providing readings closer to cellular Po 2 than to the Po 2 of any part of the vascular system. The Krogh equation (24) defines the gradient between capillary and tissue oxygen tensions as directly related to the metabolic rate and to the mean capillary-cell distance, and inversely to the oxygen diffusion coefficient. According to this equation the capillary-tissue Poo gradient at a maximum oxygen consumption of 0.1 ml/min per g tissue should not exceed 5 mm Hg (25) . This correlates fairly well with the findings in the control animals. During air breathing the oxygen consumption averages 8.7 ml/100 g per min ( Table 6 ). The end-capillary Po2 (assumed to be identical or at least very close to the renal venous Po 2 ) is then in the range of 56 mm Hg, while the cortical tissue P0 2 averages 47 mm Hg. It is unlikely that the high capillary-tissue gradient in the kidneys of anemic animals results from a decreased diffusion coefficient when blood viscosity is lowered. Furthermore, the average distance between the capillaries and cells should be the same in both groups. The total renal oxygen consumption per gram of kidney is approximately the same in anemic and control animals. It is therefore concluded that in the anemic animals the lowered tissue P02 results from greatly increased cellular metabolism. This conclusion is supported by the increased ratio of oxygen consumed to sodium reabsorbed. Cellular metabolism, however, could not be generally increased within the kidney of anemic animals, since total oxygen consumption was within normal range. It is therefore suggested that only some of the nephrons were engaged in the filtration process and that these were functioning at an increased metabolic rate, while others were essentially nonfunctioning. This would assume that the postulated preglomerular vasoconstricu'on is of varying degree, and in some cases is severe enough to cause virtual cessation of the filtration process. Such a varying preglomerular vasoconstriction has already been suggested in hemorrhagic hypotension (26) . In anemia this would provide an obvious advantage since it would allow the kidney to increase the efficiency of oxygen extraction from the blood without requiring an increased blood supply.
The significance of "tissue" P02 measurements may be questioned. No claim is made that the needle electrodes measure intracellular Poo-merely something closer to mean tissue, or perhaps "interstitial," Po 2 rather than Po 2 of blood in the vessels. Small deviations in P02 measurements such as those in Table 7 probably have to do with precise positioning of the electrode. We have therefore chosen to consider in our interpretations only the most obvious differences-especially between cortical Poo of control and anemic animals when breathing oxygen (131 and 3.4 mm Hg, respectively). There is also reason for confidence that venous Po 2 in the anemic animals is much higher than renal tissue Po 2 .
The mechanism triggering the increased production of erythropoietin is still unknown. Although the kidney maintains its total renal blood flow and oxygen consumption when the oxygen capacity of the blood is reduced by more than 50$, several adaptive changes have been shown to take place. Any of these factors could be responsible for the increased rate of erythropoietin production. It has been shown Circulation Ruurcb, Vol. XXII, April 1968 by Fried et al. (13) that while rats are breathing 85 to 95% oxygen, which should little affect arterial oxygen supply but significantly increase renal cortical tissue Poa, they have a reduced erythrocyte production and an increased sensitivity to anemic plasma. It is therefore suggested that the reverse mechanism might exist and that lowered cortical tissue Poo is responsible for the increased rate of erythropoietin production.
